(1) Norway spruce forests are among the forests most affected by natural disturbances in Europe. One of the key aspects is the regeneration of the disturbed areas, which is decisive for later forest development. We studied the natural regeneration after two windthrows that occurred 30 (1983) and 50 years ago (1962) in an old-growth forest over 150-year-old in the Parangalitsa Reserve and a recent windthrow (2001) in a 130-year-old single cohort forest in the Bistrishko branishte Reserve in Bulgaria. We set up study plots along transects, counted regeneration and substrates, and analyzed age using tree rings. Postdisturbance regeneration made up 62-81% of all recorded trees and was more important than advance regeneration, but it strongly differed among the windthrows. Our data indicated two discrete peaks of post-disturbance regeneration. The first peak started immediately after the windthrows and was dominated by Norway spruce and rowan, while the second one started about 30 years later and was dominated by spruce. Pioneers such as Populus tremula, Salix caprea and Pinus sylvestris were less prominent than expected, contributing up to 21% of the total regeneration. Despite the fact that the highest density of initial regeneration was found on mounds from uprooted trees, the largest total number in the three studied areas was on intact forest floor, which hosted between 69 and 80% of all regeneration. The importance of coarse woody debris rose significantly two to three decades after the disturbances and was particularly important for the secondary regeneration, which consisted of Picea abies and Abies alba.
Introduction
Norway spruce (Picea abies Karst.) is one of the most important tree species in Europe, including mountain forests in the central and southern parts of the continent. Besides playing a key ecological role, these forests are very important for timber production and, in certain areas, for their protective functions against avalanches, rockfall and soil erosion (Brang et al. 2006 , Bebi et al. 2009 ). At the same time, mountain Norway spruce forests are characterized by a specific disturbance regime (Schelhaas et al. 2003 , Kulakowski & Bebi 2004 , Zielonka et al. 2010 , Panayotov et al. 2011a , Temperli et al. 2013 , Panayotov et al. 2015 , which makes their management a challenging task. In the last decades large-scale disturbances, such as windthrows and the following bark beetle outbreaks, have affected nearly 1 million hectares of spruce forests in managed and protected areas across all parts of Western Europe (Lässig & Schönen-berger 2000 , Siegrist 2000 , Schelhaas et al. 2003 , Keidel et al. 2008 , Heurich 2009 ), Central Europe (Fischer et al. 2002 , Zielonka et al. 2010 , Svoboda et al. 2011 , Eastern Europe (Kozulko 2002 , Panayotov et al. 2011a , Panayotov et al. 2015 , and Scandinavia (Skogsstyrelsen 2005) .
Despite their severe impacts, natural disturbances represent an important part of mountain Norway spruce forest dynamics (Attiwill 1994 , Svoboda et al. 2011 . Disturbances such as windthrows and bark beetle outbreaks leave legacies of pre-existing tree regeneration (i.e., advance regeneration), which can contribute to the persistence of the climax species within the forest (Fischer et al. 2002 , Schönenberger 2002 , Kulakowski & Veblen 2003 Heurich 2009 ). In the case of Norway spruce in particular, small understory trees and saplings may keep their vitality under the canopy for many years (San-Miguel-Ayanz et al. 2016 , Leuschner & Ellenberg 2017 and then grow rapidly when light conditions improve after a disturbance. However, when advance regeneration is sparse, such as in younger forests, or when the disturbed area is larger than the dispersal of spruce seeds can cover, the regeneration of the disturbed forest can be dominated by pioneer species.
Understanding the role of natural disturbances within long-term forest dynamics, a part of which is post-disturbance regeneration, is increasingly important in terms of evolving management strategies and anticipated climate changes (Dale et al. 2001 , Seidl et al. 2011 , Donato et al. 2016 . These changes are likely to seriously affect Nor-way spruce forests (Kölling et al. 2007 ). In the past, forest restoration processes after disturbances were usually guided by forest managers by harvesting the wood and planting saplings of desired species. In the last decades, however, there has been a tendency to increase the role of close-tonature silviculture systems, which rely more on natural regeneration processes. Particularly in strict forest reserves and in the core areas of national parks, natural processes after large-scale disturbances are often left without silvicultural interventions. This raises many questions about the ability of the disturbed forests to recover without human assistance and fulfill their protection functions (Siegrist 2000 , Schö-nenberger 2002 , Jonášová & Prach 2004 , Keidel et al. 2008 , Heurich 2009 ). At the same time, studying the recovery processes in unmanaged natural spruce forests can provide extensive, valuable information about the ecology and resilience of spruce ecosystems to natural disturbances, which is of key importance for the sustainable management of both managed and protected forests (Krauchi et al. 2000 , Kuuluvainen 2002 , Kulakowski & Bebi 2004 , Brang et al. 2006 .
Recovery processes after large-scale windthrows in spruce forests are very well studied in Northern (Kuuluvainen & Kalmari 2003 , Vodde et al. 2010 , Kuuluvainen & Aakala 2011 and Central Europe (Fischer et al. 2002 , Wohlgemuth et al. 2002 , Svoboda et al. 2010 , Jonášová et al. 2010 . However, most studies cover shorter periods (e.g., 10 to 20 years) after disturbances, and there is therefore a lack of information on the longterm perspective of natural recovery (Jehl 2001 , Fischer et al. 2002 , Wohlgemuth et al. 2002 , Keidel et al. 2008 , Heurich 2009 , Jonášová et al. 2010 , Vodde et al. 2010 . Little is known about forest dynamics related to wind-disturbance in Southeastern European mountains. For instance, the subalpine Picea-dominated forests on the Balkan Peninsula (1400-2000 m a.s.l.), which represent the most southern part of the distribution of Picea abies, are characterized by a high level of naturalness, a specific species composition (e.g., presence of endemic tree species such as Pinus peuce, Pinus heldreichii and Acer heldreichii) and a high susceptibility to wind disturbances (Panayotov et al. 2015) . Some of these forests are in protected areas with limited or no intervention, making it possible to conduct long-term studies of the natural processes and particularly of regeneration after disturbances, which can be a long process in subalpine forests.
The aim of this study was to explore the regeneration processes after stand-replacing disturbances in subalpine Norway spruce forests in Southeastern Europe. We analyzed the natural regeneration following medium-and large-scale windthrows that occurred 10, 30 and 50 years ago in the Parangalitsa and the Bistrishko branishte Reserves in Bulgaria. Our specific study objectives were: (1) to examine the duration of the regeneration process in the blow-down areas; (2) to determine the temporal changes that occurred in species composition; and (3) to assess the suitability of different substrates for tree establishment.
Materials and methods

Study sites
We studied two subalpine Picea abies forests in Bulgaria, Southeastern Europe. The first site is situated in the Parangalitsa Forest Reserve within Rila National park (42° 05′ N, 23° 28′ E), Southwestern Bulgaria (Fig. 1 ). The reserve was described as a primeval forest already by the first foresters who completed forest inventory measurements in the early 1930s (Georgiev 1933) . This was the main reason that it was declared as a strict reserve without management in 1933. The forest (250 ha) has developed without major human intervention for at least 200 years and was shaped by windthrows of various sizes (Panayotov et al. 2011a (Panayotov et al. , 2015 . It ranges from 1450 to 1950 m a.s.l. and is dominated by Norway spruce (Picea abies Karst.). At lower altitudes (below 1650 m a.s.l.) Norway spruce is mixed with up to 70% silver fir (Abies alba Mill.) and up to 40% European beech (Fagus sylvatica L.), while close to treeline Picea abies is mixed with up to 20% Macedonian pine (Pinus peuce Griseb.), a Balkan endemic species. Additionally, Scots pine (Pinus sylvestris L.) co-dominates some of the forest patches with a heterogeneous structure on western exposures and ridges. Other tree species occurring in the site include rowan (Sorbus aucuparia L.), Salix caprea L., Betula pendula Roth and Populus tremula L. In 1962 and 1983, windthrows affected 22 and 4 ha, respectively, in Norway spruce-dominated forest patches over 150 years old. The 1962 windthrow was in several patches, the largest of which was 10 ha (Fig. 1) . After the 1962 windthrow (hereafter referred to as WT-1962) most of the fallen logs were extracted, which is the only known large human intervention in the reserve, whereas the windthrow of 1983 (hereafter referred as WT-1983 ) was left uncleared.
The second selected study site is the Bistrishko branishte Forest Reserve within Vitosha Nature Park (42° 33′ N, 23° 18′ E), situated above the city of Sofia (Fig. 1) . The reserve was declared in 1934 to protect the last remnants of Norway spruce forests on Vitosha Mountain. Picea-dominated forests cover 650 ha at altitudes between 1400 and 1950 m a.s.l. In the lower parts (up to 1500 m a.s.l.) Norway spruce is mixed with European beech (Fagus sylvatica L.), Sycamore maple (Acer pseudoplatanus L.) and iForest 11: 675-684 
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Norway spruce natural regeneration after windthrow Balkan maple (Acer heldreichii Orph. ex Boiss.). Before the establishment of the reserve, the area was intensively logged until the 1850s to feed locally-based metal ore production (Deliradev 1926) . After the Crimean War (1853-1856) this industry became less profitable, which considerably decreased the logging pressure and allowed the forests in the core area of the reserve to start regenerating. Therefore, at the beginning of 21 st century the forests were predominantly homogeneous, even-aged stands not older than 140-150 years (Tsvetanov & Panayotov 2013 , Panayotov et al. 2015 . In 2001 these forests were affected by a 60 ha windthrow (WT-2001), which was followed, starting in 2003, by a massive bark beetle (Ips typographus L.) outbreak that killed the majority of the old Norway spruce trees over a 200 ha territory (Panayotov & Georgiev 2012 , Panayotov et al. 2015 . The disturbed area was left to natural development without any human intervention.
The climate at both sites is typical for high mountain locations, with average annual temperatures of +2.5 °C at 1950 m a.s.l. in Parangalitsa Reserve (Panayotov et al. 2015) and +2.3 °C at 1950 m a.s.l. in Bistrishko branishte Reserve (Tsvetanov & Panayotov 2013) . The annual precipitation amounts to 1055 mm at the first site and 1228 mm at the second, with a maximum in May-June and a minimum in August-September (Raev et al. 1987) . The snow cover reaches 150 cm and lasts for more than 100 days. The bedrock is volcanic (granite in the Parangalitsa site, syenite and andesite in the Bistrishko branishte site). Soils are predominantly dark mountain soils (Mollic Cambisols) and brown mountain soils (Dystric and Umbric Cambisols) with sufficient depth. In some areas of Bistrishko branishte Reserve the soils lie on large spherical syenite blocks and therefore the rooting depth is limited. The herbaceous layer is dominated by Calamigrostis arundinacea (L.) Roth, Rubus ideaus L. and Vaccinium myrtillus L. (Pavlov et al. 1999) . In both reserves the effect of browsing as a potential critical factor for tree regeneration (Reimoser et al. 1999 , Newton 2007 ) was assessed as negligible because frequent sapling browsing has not been observed, the stock of ungulates in Bulgaria is low (Dachev et al. 2005 ) and large predators such as wolfs and bears are present.
Sampling design and data collection
The windthrow areas at both study sites were previously identified and mapped on the basis of forest maps and orthorectified digital aerial photographs in GIS using Arc-GIS ® ver. 10 software (ESRI Inc., Redlands, CA, USA) by Panayotov et al. (2011a) and Panayotov & Georgiev (2012) . We established transects along altitudinal gradients in each windthrow area and set up 100 m 2 sample plots (10 × 10 m) every 50 m. In total, we established 21 transects with 85 sample plots in the Parangalitsa Reserve, i.e., 16 transects with 71 plots in cleared windthrow WT-1962 and 5 transects with 14 sample plots in uncleared windthrow WT-1983 . In Bistrishko branishte Reserve we established 5 transects with 53 sample plots across the windthrow area. In 2012-2014, we examined the tree regeneration in each sample plot by recording the species composition, number, diameter at breast height (DBH), height and age of all individuals. Individuals with DBH < 4 cm were recorded in eight height classes, excluding seedlings: 5-25 cm; 25-50 cm; 50-75 cm; 75-100 cm; 101-125 cm; 125-150 cm; 150-175 cm; and > 175 cm.
Because of the large size variation of the trees in the windthrow areas, we used two approaches to perform the age classification of the regeneration: (1) for individuals with DBH > 4 cm (which were recorded as trees) we collected and analyzed 336 increment cores from heights of 0.3 to 0.5 m; (2) for individuals with DBH ≤ 4 cm (i.e., saplings) we constructed age-size models based on 732 cross-sections from 36 individuals of Picea abies, 23 individuals of Abies alba, 29 individuals of Fagus sylvatica and 34 individuals of Sorbus aucuparia (explained in detail in the next section). Owing to the protection status of the studied forests, the number of saplings used for the collection of cross-sections was limited. Because of the ecological similarity and hence initial growth of Norway spruce and Silver fir saplings, in the statistical analysis the cross-sections of these two species were combined. The cross-sections were obtained from heights of 0.0 m, 0.3 m, 0.5 m, 1.0 m, 1.3 m and 2.0 m. It is worth to note that such approaches of age determination make it possible to determine the age only of the above-ground stems. It is possible that some saplings were grazed and actually occurred in a prior period, which is often the case with deciduous species such as rowan (Danell et al. 2006 , Bergquist et al. 2009 ). However, from the point of view of forest recovery and further dynamics, it is important to account for the development of stems with a height greater than 0.5 m because they have a greater chance of survival and display faster growth in the improved conditions after disturbances.
In addition, for sporadically registered pioneer species in the Bistrishko branishte Reserve (WT-2001), the period of germination was determined through whorl counting of the pine saplings (Pinus peuce Griseb. and Pinus sylvestris L. -Niklasson 2002 , Zielonka 2006 ) and through examination of the length of annual stem growth, the presence of signs of post-disturbance release and the type of regeneration substrate (i.e., intact forest floor or disturbance-induced substrates such as pits, mounds and coarse woody debris) for the broadleaves. All saplings that showed signs of post-disturbance growth release, discerned by a drastic increase in the length of the annual stem growth, were classified as advance regeneration occurring prior to the wind disturbance of 2001, whereas saplings exhibiting constant vigorous annual growth from the ground level and growing on disturbance-induced substrates were classified as post-disturbance regeneration. Owing to the different approaches for age estimation and the lower survival probability of saplings, the results for trees and saplings are shown separately.
In order to analyze the influence of the regeneration substrates on the recruitment dynamics, we examined the distribution of saplings per microsite type (pit, mound, coarse woody debris and intact forest floor -hereafter IFF). The decomposition rate of coarse woody debris (CWD) was determined following the five classes of Hunter & Schmiegelow (2011) . The coverage of the main microsites types (Tab. 1) was estimated as a percentage, which was determined in each plot using 100 relevés with 1 m 2 quadrates (1 × 1 m).
Sample processing and data analysis
The collected increment cores and crosssections were sanded with progressively finer sand papers to ensure that the cells of tree rings were clearly identifiable. The cores were then scanned at 1200 dpi resolution with an Epson Expression 11000XL ® scanner and measured with the software CooRecorder ver. 7.6 (Cybis Elektronik & Data AB, Saltsjöbaden, Sweden). To ensure there were no missing rings and to determine the exact calendar year in which each tree ring was produced, we performed a crossdating procedure following standard methodology (Stokes & Smiley 1996) . We performed the crossdating with CDendro ver. 7.6 software (Cybis Elektronik & Data AB), using regional reference chronologies for Picea abies (Panayotov et al. 2011b) and Abies alba (Panayotov M, unpublished) iForest -Biogeosciences and Forestry we built site-level tree-ring chronologies using cores from the sites. We used the data obtained from the cross sections to develop age-height relationship equations for the saplings with DBH ≤ 4 cm. We followed the approach of Rohner et al. (2013) and tested twelve growth models (polynomial approach) to determine the number of years it took the saplings to reach a certain height. We considered first-to third-order polynomials for describing the relationship between sapling height and age. All polynomials were fitted to the ages and heights of the model trees in the year of coring (2012) (2013) (2014) . We selected the best performing model based on the highest R 2 and the lowest mean absolute error (MAE) and root mean squared error (RMSE). The estimated ages of the sampled trees and the modeled age of saplings were grouped into age classes of 15 years distributed along a time scale with respect to the dates of the wind disturbances. We chose 15-year classes to ensure that the modeled age of the small-sized saplings plus the expected error (i.e., up to 5 years) would fit into the classes. The normality of the regeneration distributions was checked by Shapiro-Wilk tests, which showed that all the data deviated significantly from the normal distribution. We therefore used Wilcoxon Signed Rank tests to check for significant changes in the average numbers of the regeneration on specific regeneration substrates for different periods after the disturbances.
Results
Age distribution of the regeneration
The age distribution of the trees and saplings registered in the sample plots in the 1962, 1983 and 2001 windthrow areas showed that most of them recruited after the disturbances (Fig. 2) . The best-performing equation for the Norway spruce and silver fir saplings was Age = 15.72·H 0.63 (R 2 = 0.917; MAE = 0.501; RMSE = 0.796); for rowan it was Age = 2.33·H 0.89 (R 2 = 0.966; MAE = 0.237; RMSE = 0.281) and for European beech it was Age = 1.30·H + 7.44·H 2 -3.76·H 3 (R 2 = 0.906; MAE = 0.117; RMSE = 0.133). The equations were fitted with data from 70% of the tree-discs, while the other 30% were used for verification. The age estimation errors at 95% from the verification samples were up to 5 years for Norway spruce and silver fir; 2 years for rowan, and 4 years for European beech. The tested DBH-Age equations for trees with DBH > 4 cm did not provide the desired accuracy and thus we analyzed the age structure based solely on the trees from which we had increment cores. They were about 20% of all trees with DBH > 4 cm in the Parangalitsa site and were relatively equally distributed across the available DBH classes. Because the cores were collected at a height of 0.3 to 0.5 m, we applied a correction to the establishment age based on the average time of growth of saplings from the ground surface to the coring height (7 years for 0.3 m height and 11 years for 0.5 m height for Norway spruce and silver fir; 2 years for 0.3 m and 4 years for 0.5 m height for rowan) obtained from the analysis of stem discs.
In WT-1962 the advance regeneration (i.e., trees established before the date of the windthrow, mainly Picea abies and Abies alba) was about 270 indiv. ha -1 in total, while the post-disturbance regeneration formed by trees and saplings, which developed during the first 30 years after the windthrow (referred to as "initial postdisturbance regeneration"), amounted to about 750 indiv. ha -1 (Fig. 2a) . However, 30 years after the windthrow there was a noticeable increase in the regeneration numbers, which amounted to another 833 indiv. ha -1 (referred to as "secondary postdisturbance regeneration"). In WT-1983 the advance regeneration of Picea abies and Sorbus aucuparia, formed in the decades preceding the disturbance, amounted to around 200 indiv. ha -1 (Fig. 2b) . In this windthrow area the initial post-disturbance regeneration was formed mainly during the first 15 years after the disturbance and amounted to approximately 100 indiv. ha -1 . In the 15 to 30 years after the disturbance the recruitment numbers doubled to more than 300 indiv. ha -1 (Fig. 2b) , which was classified as "secondary post-disturbance regeneration". For the windthrow in Bistrishko branishte Reserve (WT-2001), the regeneration density was estimated to be 816 indiv. ha -1 . The post-disturbance regeneration was 552 indiv. ha -1 (Fig. 2c) , while the advance regeneration was less than half this value (264 indiv. ha -1 ).
Species composition of regeneration
In all studied windthrow areas Picea abies and Sorbus aucuparia were the dominating regeneration species. However, there were some differences related to the participa-
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iForest 11: 675-684 Norway spruce natural regeneration after windthrow tion of pioneer species and the contribution of Sorbus aucuparia (Fig. 3) . In the cleared windthrow of 1962 in Parangalitsa Reserve (WT-1962) Norway spruce dominated the advance regeneration, as well as the initial and the secondary post-disturbance regeneration (64%, 62% and 51%, respectively), followed by silver fir (relevés 31%, 11% and 33%, respectively - Fig.  3a) . The participation of rowan in the advance regeneration was low (up to 2% of all saplings and trees) and increased slightly in the initial and the secondary post-disturbance regeneration (7% and 11%, respectively). Pioneer species from the genera Salix, Betula and Pinus played a smaller role, contributing less than 15% in total, and occurred mostly in the first decades after the disturbance.
In the uncleared windthrow of 1983 in Parangalitsa Reserve (WT-1983) the advance regeneration and the post-disturbance regeneration were dominated by Picea abies (46% and 64%, respectively) and Sorbus aucuparia (28% and 26%, respectively). In the group of the most recently occurring saplings (i.e., 15-30 years after the windthrow), the difference between the two species increased but was still not significant.
The participation of the pioneer species Betula pendula, Salix caprea, Pinus sylvestris and Pinus peuce in WT-1983 decreased slightly between the initial post-disturbance regeneration and the more recently occurring one (from 10% to 7%).
In the uncleared windthrow area in Bistrishko branishte Reserve (WE-2001) the post-disturbance regeneration was dominated by broadleaved species, which accounted for 70% of all saplings and trees in this age group -mainly Sorbus aucuparia (32 %), Fagus sylvatica (21%), Salix caprea (8%) and Populus tremula (6%), while the advance regeneration was dominated by Picea abies (51%), followed by Sorbus aucuparia (27%) and Fagus sylvatica (16%).
Regeneration substrate
In terms of spatial distribution, the main regeneration substrate for the initial postdisturbance regeneration in the three studied areas was the intact forest floor (IFF), which hosted between 69 and 80% of the regeneration (Fig. 4a) . This value corresponded with its total cover area, which varied between 69 and 76% (Tab. 1). In the secondary post-disturbance regeneration (Fig. 4b) , occurring 15-30 years after the windthrows, the importance of the coarse woody debris (CWD) for the regeneration rose significantly in comparison to the initial post-disturbance regeneration and supported 49% of the regeneration in WT-1983 (Wilcoxon Signed Ranked test, p<0.001) and 41% in WT-1962 (p<0.001) , while IFF hosted 48% and 32% of the regeneration, respectively. Despite its low cover of only up to 20%, CWD proved to be a particularly suitable substrate for the recruitment of Picea abies and Abies alba, accounting for iForest 11: 675-684 679 80% of the regeneration of these two species. The proportion of the regeneration on pits and mounds remained under 20% of the total regeneration for both the initial and the secondary regeneration (Fig.  4) . In terms of regeneration density, i.e., regardless of the area that a specific substrate covers, the highest value for the initial post-disturbance regeneration was observed on pits and mounds (30 indiv. 100 m -2 - Fig. 5 ), while for the secondary regeneration the highest regeneration density was found on coarse woody debris (27 indiv. 100 m -2 ). Despite having the largest cover area (Tab. 1), IFF was characterized by the lowest regeneration densities, remaining under 10 indiv. 100 m -2 for both the initial and the secondary post-disturbance regeneration.
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Discussion
Age distribution of the regeneration
Our results describe the long-and shortterm regeneration of forest recovery about 10, 30 and 50 years after stand-replacing wind disturbances in two unmanaged subalpine spruce forests in Southeastern Europe, Parangalitsa and Bistrishko branishte Reserves.
In line with the results of Svoboda et al. (2010) , Panayotov et al. (2011a) and Holeksa et al. (2012) , we found that the stand reinitiation phase (after Oliver 1981) can last for more than 30-50 years after standreplacing wind disturbances in subalpine forests.
Our results further highlight that, in a period of several decades, the forest recovery of the studied windthrow areas was characterized by initially high regeneration, followed by a decrease and then a new increase in regeneration about 30-50 years after the disturbance. We perceived these fluctuations as regeneration waves; they were more clearly expressed in the windthrow that occurred more than 50 years ago (WT-1962) but also already appeared in the windthrow that occurred 30 years ago (WT-1983) .
The advance regeneration was less numerous than the post-disturbance regeneration in all investigated windthrow areas. Well-established trees with DBH > 4 cm were most numerous in the windthrows that occurred in older (age above > 150 years prior to the windthrow - Panayotov et al. 2015) forests of Parangalitsa Reserve. The initial post-disturbance regeneration was lowest in the uncleared windthrow in old-growth forest (WT-1983) , which is in line with the findings of other studies (Wohlgemuth et al. 2002 , Moćalov & Lässig 2002 , Jonášová et al. 2010 . We note that, because of the long time span after the older disturbances in Parangalitsa reserve (30 to 50 years), a fraction of the initial post-disturbance regeneration had probably already died and the initial densities were most likely higher.
The initial larger post-disturbance regeneration and the gradual decrease in numbers in the following decades can be explained by several factors. Immediately after the windthrow events, open spaces provide suitable light conditions for regeneration. However, these spaces are quickly occupied by grass and shrub species from genera such as Rubus, Calamigrostis, Luzula, Epilobium and Vaccinium, which hinders the regeneration of Norway spruce and silver fir (Dimitrov 1999 , Jehl 2001 , Fischer et al. 2002 , Wohlgemuth et al. 2002 , Keidel et al. 2008 , Heurich 2009 , Jonášová et al. 2010 , Vodde et al. 2010 . In this respect, the low recruitment densities (i.e., less than 500 indiv. ha -1 ) observed for the first decades (Fig. 2) were in line with other findings. The post-disturbance regeneration in the uncleared windthrow areas reached a first peak during the first 15 years after the disturbances. The number of Picea saplings (about 100 indiv. ha -1 ) was particularly low in the large windthrow area in Bistrishko branishte Reserve. This was probably the combined result of several factors: (i) the limited seed source due to the large size of the disturbed area (60 ha); (ii) the almost complete lack of surviving old seedling trees, due to the high intensity of the storm and probably to the former forest structure, which was homogeneous with almost a complete lack of smaller-sized trees (Panayotov et al. 2015) ; and (iii) the rapid large-scale mortality of mature spruce trees at the windthrow borders as result of the severe bark beetle outbreak following the wind disturbance (Panayotov & Georgiev 2012) . Seed dispersal in Picea abies is performed mostly by wind and is confined to short distances (up to about 100 m) from the trees (Lässig et al. 1995) . In addition, the windthrow area in Bistrishko branishte Reserve was quickly occupied by dense raspberry (Rubus idaeus L.) communities, which covered up to 60% of the total area in the analyzed plots. In comparison, the first regeneration wave in the cleared windthrow area of 1962 in Parangalitsa Reserve lasted for three decades, presumably as a result of the longer availability of suitable regeneration substrates in the harvested terrain there. The results from the study site in Parangalitsa demonstrate that if the initial regeneration wave was not able to create a stand with a high density, a secondary regeneration can occur several decades later (in our case after about 30 years). This second regeneration wave was most likely associated with an improvement in the regeneration conditions 30 to 40 years after the windthrow, namely an increasing decomposition stage of the available coarse woody debris (Veblen 1992, Ulanova 2000 , Zielonka 2006 ) as well as an enhanced regeneration capacity and an improved sheltering function of the young forest, which developed as a result iForest 11: 675-684 
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Norway spruce natural regeneration after windthrow of the growth of the advance regeneration and the initial post-disturbance regeneration in the first decades after the disturbance. Further, our results support the finding of numerous studies that the released advance regeneration may be small in the short term but can play a decisive role in the recovery of disturbed spruce forests (Wohlgemuth et al. 2002 , Schönenberger 2002 , Kulakowski & Veblen 2003 , Heurich 2009 , Jonášová et al. 2010 ). For instance, in the first 15 years after the disturbances in the uncleared windthrow areas of 1983 and 2001, the advance regeneration of Picea abies was still greater than the number of newly established spruce saplings. Further, the surviving trees in the advance regeneration may play an increasingly important role in the next stages of forest recovery, which is discussed below.
Species composition
Our results show that the species composition of the regeneration in the three windthrow areas was quite similar. In line with findings from other studies (Jehl 2001 , Wohlgemuth et al. 2002 , Keidel et al. 2008 , Jonášová et al. 2010 , we found that the wind disturbances created suitable conditions for re-establishment of the dominant species in the intact stands before the disturbances -Picea abies, Abies alba and Sorbus aucuparia in the Parangalitsa forest, and Picea abies and Sorbus aucuparia in the Bistrishko branishte forest. An exception was the limited participation of Sorbus aucuparia in the cleared windthrow area of 1962. Given the fact that the age of the forests affected by the 1962 and 1983 windthrows was similar, i.e., more than 150 years old (Panayotov et al. 2015) , there was probably advance regeneration of rowan in the windthrow area formed in 1962 that was later damaged during the salvage logging operation. In that period wood extraction was done with the assistance of animals (oxen), which could have damaged rowan by grazing and trampling. We note that Sorbus aucuparia has an ecological position between pioneer and climax species (Fischer et al. 2002) and, as a result of its long-term survival in the seedling bank, has often been recorded as the first tree species to colonize canopy gaps (Zywiec & Ledwon 2008) and as a temporary co-dominant species the regeneration process, together with Picea abies (Siegrist 2000 , Heurich 2009 . Nonetheless, over the long term the presence of rowan in the stand declines because of its relatively short lifespan, and Picea abies therefore usually becomes the sole dominant species.
The occurrence of pioneer species was less than expected overall and more pronounced in the first stages of the post-disturbance regeneration process. Although large-scale disturbances often lead to a considerable increase in the proportion of pioneer species (Siegrist 2000 , Moćalov & Lässig 2002 , Ilisson & Chen 2009 , Vodde et al. 2010 , their occurrence was sporadic in two of our study areas (WT1962 and WT1983 in Parangalitsa Reserve). In the site with the largest and most recent windthrow (WT2001), where the contribution of broadleaf species in the regeneration was higher, typical pioneers such as Salix caprea and Populus tremula were more frequent but still less numerous than Fagus sylvatica and Sorbus aucuparia. In the cleared windthrow area of 1962, where the disturbed soil cover after the salvage logging was expected to promote seed germination of pioneer species (Schönenberger & Wasem 1999 , Fischer et al. 2002 , Jonášo-vá et al. 2010 , the participation of Picea abies was still more than 70%. The dominance of Picea abies in the regeneration process can be explained by the harsher climate conditions in the subalpine zone, which are less favorable for broadleaf species. In addition, the fragmentation of the windthrow areas into patches of less than 10-15 ha in Parangalitsa site promoted the short-distance seed dispersal of Picea abies (Lässig et al. 1995) . At the same time, the presence of seeding pioneer trees was limited in the intact forest stands. Indeed, in forests where pioneer species were found to dominate the post-windthrow regeneration, the participation of these species was already relatively high before the disturbances (Fischer et al. 2002 , Moćalov & Läs-sig 2002 , Wohlgemuth et al. 2002 .
The secondary regeneration occurring in later decades after the disturbance (i.e., 30-40 years later) was dominated by the dominant species, with highest participation for Picea abies, Abies alba, Sorbus aucuparia and Fagus sylvatica. Especially silver fir strongly increased its presence in the windthrow area formed in 1962 (Fig. 3) . Several factors may be associated with the observed regeneration pattern. On the one hand, probably the most important factor was the increase in height and maturation of trees from the advance regeneration, which facilitated seedling dispersal (and decreased the suppressive role of the grass layer) and provided shelter for the newly established saplings. In Parangalitsa Reserve the advance regeneration was frequently composed of trees with a large DBH; at the time of sampling, these trees already had a DBH > 32 cm and an age of about 60 years for the 1962 windthrow, and a DBH > 28 cm and an age > 40 years for the 1983 windthrow. This is related to the fact that the disturbed forest was more than 150 years old and the regeneration processes had already started. Trees that established immediately after the disturbance also reached ages old enough (i.e., more than 20-30 years) to be able to provide shelter and start to regenerate (Tjoelker et al. 2007 ). On the other hand, the species composition of the secondary postdisturbance regeneration was at least partly associated with changes in the proportion of available regeneration substrates (discussed further), of which CWD particularly assists spruce regeneration. In addition, shading by the crowns of trees decreased the proportion of grass-covered substrates. Spruce, fir and beech benefit from the reduction of grass coverage and, at the same time, can successfully regenerate in shadow or mixed shade conditions (Stancioiu & O'Hara 2006) .
Regeneration substrate
The observed changes in the regeneration patterns can partly be explained by the spatial distribution and the changes in the suitable regeneration substrates in the course of the recruitment process. After large-scale wind disturbances, an increase in the area of micro-relief forms such as CWD, pits and mounds is observed (Ulanova 2000) . Regeneration is often concentrated on these forms because they provide suitable regeneration substrate free of ground vegetation for a longer period (Jehl 2001 , Kuuluvainen & Kalmari 2003 , Keidel et al. 2008 . Our data show that shortly after the wind disturbances IFF, pits and mounds were particularly important for the initial post-disturbance regeneration. Their importance quickly decreased over time, however, mainly because they were covered by Calamigrostis arundinacea and Rubus idaeus, which are perceived as highly suppressive for the establishment and growth of saplings (Fischer et al. 2002 , Keidel et al. 2008 , Holeksa et al. 2012 .
In particular, our results confirm the importance of deadwood for the successful competitive ability of spruce and fir saplings (Jehl 2001 , Motta et al. 2006 , Zielonka 2006 , Svoboda et al. 2010 . Initially, only a small proportion of the post-disturbance regeneration in the study sites developed on CWD, because most of the CWD had still not reached the more advanced stages of decomposition, which are suitable for sapling development (Zielonka 2006) . Still, we do not exclude the possibility that part of the regeneration we observed on IFF was actually established on CWD that was no longer distinguishable, especially in the site where the windthrow occurred more than 50 years ago. Twenty to thirty years after the wind disturbances in the Parangalitsa site, however, the CWD from the windblown trees had already reached the third or fourth class of decomposition, which made it a suitable substrate for regeneration (Holeksa 2001 , Zielonka 2006 , Holeksa et al. 2008 . We found that within this period the regeneration densities on CWD tripled and were highest in the oldest windthrow site where the CWD had reached more advanced classes of decomposition (Tab. 1). As a result, nearly half of the newly established saplings in the secondary regeneration were found on CWD. Even though the deadwood was collected immediately after the 1962 windthrow, subsequent mortality of single surviving trees and trees at the borders of the windthrow areas created the opportunity for the presence of this iForest 11: 675-684 681
iForest -Biogeosciences and Forestry substrate 50 years later. In our opinion, besides enhancing the regeneration capacity and sheltering functions of the first regeneration cohort, the progressive decay of deadwood gave rise to a second wave of post-disturbance regeneration. In this respect, we expect that the importance of CWD as a regeneration substrate for Picea abies in the windthrow of 2001 will increase significantly as long as the blown-down logs are sufficiently decayed (Keidel et al. 2008 ) and the initial regeneration trees grow enough to start producing seeds and providing shelter. In addition, the wood decayed by mycorrhizal fungi can provide a larger supply of Ca, Mg and K cations, which are important for seedling establishment and growth (Ostrofsky et al. 1997 ).
Conclusions
Our study covered up to 50 years of natural forest recovery after stand-replacing wind disturbances, allowing to describe and analyze the short-and long-term forest recovery in two mountain Norway spruce forests in Southeastern Europe. Our data confirm previous findings that forest recovery after medium-and large-scale wind disturbances may be a long-lasting and dynamic process. In particular, we observed two discrete peaks of post-disturbance regeneration, reflecting the changes in the availability of suitable regeneration substrates, as well as the enhanced regeneration capacity and sheltering functions of the young forest. As a result, 30-50 years after the disturbances the regeneration processes were continuing in locations where the forest canopy was still not completely closed. In both study areas the windthrows led to reestablishment of Picea abies and other species that were dominant in the studied forests before the disturbances. The occurrence of pioneer species was limited to the very first stages of the regeneration process. The most important regeneration substrates were intact forest floor in the first decades after the disturbances and coarse woody debris three to four decades later. Our data demonstrate that the resilience of subalpine spruce forests against natural disturbances in terms of regeneration capacity largely depends on the presence of advance regeneration and appropriate regeneration substrates, such as dead wood in advanced decomposition stages. These findings are highly relevant for the concept of sustainable management of mountain Norway spruce forests, both in managed and protected areas, because they suggest that the silvicultural management systems in such forests should guarantee sufficient amounts of advance regeneration and CWD.
